INTRODUCTION
In diploid organisms, both alleles of each gene are generally expected to be expressed at similar times and levels. However, some genes can be expressed preferentially or strictly from a single allele, a process known as monoallelic expression. This can be due to DNA sequence polymorphisms between alleles, for example within enhancer or promoter sequences that can influence the efficiency with which a gene will be transcribed, or to copy-number variations (CNVs) of larger portions of the genome. Monoallelic expression can also arise in the absence of DNA sequence polymorphism, and this is often connected to situations where there is a programmed requirement to regulate gene dosage. A classic example is the process of X chromosome inactivation (XCI) in mammals, which ensures X-linked gene dosage compensation between XX females and XY males (Wutz, 2011) . Another programmed example of monoallelic regulation concerns imprinted genes. Over a hundred loci are subject to parent-of-origin-dependent expression. Many imprinted genes are critical for prenatal growth as well as postnatal metabolism, and their biallelic expression leads to severe phenotypes (Barlow, 2011) , although release from silencing can occur in some tissues such as the brain (Ferró n et al., 2011) . A third class of autosomal loci shows random monoallelic expression (Chess, 2012; Ohlsson, 2007) . This includes prominent members of large genes families that are expressed in a highly tissue-specific manner and are generally involved in sensory or immune system functions, such as immunoglobulin and T cell receptor genes in lymphocytes, odorant receptor (OR) genes in olfactory neurons, and protocadherins in Purkinje neurons (Chess, 2012) .
Here, a single allele of one gene member is chosen for expression and this active state is stably propagated. This phenomenon of monogenic and monoallelic expression (also known as allelic exclusion) is thought to be critical for specifying cell identity and ensuring cellular diversity (Cedar and Bergman, 2008; Shykind, 2005) .
In addition to large multigene families, random monoallelic expression (RME) of single copy genes has been described in recent years. Examples include glial fibrillary acidic protein (GFAP), which is expressed in mouse astrocytes (Takizawa et al., 2008) , or the human Amyloid Precursor protein (APP) gene, involved in Alzheimer disease (Gimelbrant et al., 2007) . The advent of next generation sequencing technologies and the identification of SNPs has enabled the prevalence of autosomal RME to be explored, beyond the well-known gene families mentioned above. Reports using SNP-array (Gimelbrant et al., 2007; Jeffries et al., 2012; Zwemer et al., 2012) or highthroughput RNA sequencing (RNA-seq; Li et al., 2012) technologies have estimated that 2.5%-5% of genes may show RME in human or mouse clonal cell lines and revealed an overrepresentation of genes encoding cell-surface receptors, but also a broad distribution among other gene ontology (GO) categories (Gimelbrant et al., 2007; Li et al., 2012) . Importantly, monoallelic expression varies between cell lineages and individuals. Thus, it was proposed that RME might generate diversity in gene expression patterns, with important implications for cell fate and physiology (Ohlsson, 2007) .
Thus, just as females are cellular mosaics for X chromosome activity, individuals of both sexes may be mosaics for RME of autosomal genes. Given that a diploid genome presumably evolved to protect against the deleterious effects of recessive mutations, it seems likely that there might be good reasons to forgo this advantage in the case of genes expressed monoallelically. It has been proposed that RME might participate in finetuning the dosage of particular factors to enable differential lineage establishment or specification (Miyanari and Torres-Padilla, 2012) , or else to counteract the presence of deleterious alleles in a cell population (Chess, 2012) . Whatever the roles, this mode of expression also has important implications for disease, as it can lead to functional nullisomy in a proportion of cells and loss of heterozygosity in the context of a mutation.
In the present study, we set out to identify autosomal RME genes in the mouse genome and in particular the extent to which RME occurs in vivo. An RNA-seq approach was used to analyze several clonal cell lines of neural progenitor cells (NPCs), derived from polymorphic F1 hybrid mouse embryonic stem cells (ESCs). Using the inactive X chromosome as a control, we identified several thousand autosomal genes as monoallelically expressed. As expected, a significant proportion of these were due to DNA sequence polymorphisms leading to preferential expression of one allele. We identified a few hundred autosomal genes for which clonal, monoallelic expression was truly random and could also be found in inbred NPCs and embryos where no/low DNA sequence polymorphism is present. Our findings demonstrate, first, that monoallelic expression of numerous autosomal genes occurs in vivo, during normal development, and tends to be highly tissue specific. Second, we show that monoallelic expression can occur in the absence of DNA sequence polymorphism. Third, all RME loci identified showed both monoallelic and biallelic clonal expression patterns, and in general this results in differences in mRNA levels. Fourth, although RME may be transient during development, the monoallelic state is highly stable in NPCs. Finally, we uncovered several developmental regulatory genes previously implicated in human autosomal-dominant disorders, for which RME expression in vivo was previously unsuspected.
RESULTS

Genome-wide Analysis of Random Monoallelically Expressed Genes in Neural Progenitor Cells
In order to identify autosomal loci that display clonal monoallelic expression in the mouse genome, we differentiated two highly polymorphic F1 hybrid (129sv 3 Castaneus [Cast]) ESC lines into NPCs (Conti et al., 2005) . To identify clonally propagated monoallelic genes, the male and female NPC lines obtained were seeded at very low density, and several colonies were picked (both male and female) to derive clonal cell lines (Figure 1A) . These were then characterized karyotypically and for the expression of NPC markers including Nestin, Olig2, and Vimentin, as well as for their clonality according to the expression of known monoallelically expressed genes (including Cspg4 and Trp73; data not shown; Kaghad et al., 1997; Wang et al., 2010) . We selected four male and four female clones with a normal or near-normal karyotype. Next generation sequencing of messenger RNA (RNA-seq, Illumina) was performed to analyze the transcriptomes of these eight clonal NPC lines, and two biological replicates for one male and one female clone. We also performed RNA-seq on the two ESC lines used to generate the NPC clones. Throughout, 60-100 million paired-end reads (2 3 100 bp) were generated per library (see Experimental Procedures and Figure S1A available online).
Using SNP information available for both the 129 and Cast mouse strains (Keane et al., 2011) , paired-end RNA-seq reads were mapped in an allele-specific manner against the parental genomes, and the abundance of transcripts for each allele of all expressed autosomal genes was estimated in the different NPC clones, as well as in the two ESC lines. Using RNA-seq data, we also inferred the CNVs in female NPC clones, which were consistent with the karyotyping results, and used to normalize read counts from each transcript in female clones. To assess allelic imbalance in expression in a statistical manner, we used biological replicates of one male and one female sample and estimated the degree of overdispersion. Statistical significance of the imbalance was adjusted for multiple testing with the Benjamini-Hochberg method (false discovery rate [FDR] = 0.05) and used together with the percentage of expression from the 129 allele (R0.85 or %0.15), in order to classify a total of 14,415 autosomal genes into four different categories according to their allelic expression in the NPC clones. Classification was as follows: (1) genetically skewed genes, (2) monoallelically expressed genes, (3) biased expressed genes, and (4) biallelically expressed genes (Figures 2A and S1A; Table S1 ; see Experimental Procedures for details). We classified 19.1% of autosomal genes (n = 2,751) as monoallelically expressed in at least one NPC cell line. We noted that most monoallelically expressed genes are lowly expressed, though a substantial proportion (33.9%) of them, which corresponds to 6.5% of autosomal genes, show moderate or high expression levels, with a fragment per kilobase of exon per million fragments mapped (FPKM) R 1 ( Figure 2A ).
As proof of principle, we evaluated the allelic expression imbalance of X-linked genes in female clones where one of the two X chromosomes is inactive. We obtained the expected profiles, with three clones expressing a majority of X-linked genes of only Cast origin and one clone expressing X-linked genes of mainly 129 origin ( Figure S1B ). Escapees were expressed from both alleles. Visualization of X-linked gene expression levels between female and male cell lines as scatter plots indicated similar expression levels in NPCs, as expected given that only one X should be active in both male and female clones due to XCI ( Figure S1C ). On the other hand, in ESCs, where XCI has not occurred, X-linked gene expression levels are doubled in females compared to males ( Figure S1C ). We also analyzed the expression profiles of monoallelically expressed autosomal genes identified in NPCs, in the corresponding ESC lines they were derived from. Most genes (75%) expressed from the same allele in all NPC clones with FPKM R 1, indicating a genetic basis for their skewed expression, were also found to show monoallelic or biased expression in ESCs from the same allele as in the NPC clones ( Figure 2B ). On the other hand, monoallelically expressed genes in NPCs showed no expression bias in ESCs, indicating that the majority of monoallelically expressed genes with FPKM R 1 are either biallelic or not expressed in undifferentiated ESCs. Monoallelic expression must therefore be established during differentiation ( Figure 2B ).
All autosomal genes that we categorized as ''monoallelic'' (n = 2,751) were found to be expressed monoallelically in some TAD environment of RME genes clones and biallelically in others. This allowed us to ask whether mRNA levels are the same or different between monoallelically and biallelically expressing clones for a given gene ( Figure 2C ). By comparing mean expression levels of genes in monoallelically and biallelically expressing clones, we found that in general, mRNA levels are higher when genes are expressed biallelically in an NPC clone compared to when they are monoallelic (Figure 2C) . This suggests that, in general, monoallelically expressed genes may show little or no dosage compensation, in agreement with previous studies (Gimelbrant et al., 2007; Li et al., 2012) , although for some genes dosage compensation does occur. Next, we evaluated the number of genes from the monoallelic category that showed RME, i.e., monoallelic expression from either one (129) or the other (Cast) allele depending on the NPC clone. A total of 394 ''monoallelic'' genes were found to be randomly monoallelically expressed, i.e., expressed solely from the 129 allele in at least one clone and from the Cast allele in at least one clone (Figures 2D and S1A) . Again, only one-third of genes (n = 133) show moderate or high expression levels with a FPKM R 1 ( Figure 2D ; Table S1 ). Representative examples are shown in Figure 1B and in Table S2 . Most RME genes display monoallelic expression in some clones and biallelic expression in others. Intriguingly, we found several cases where members of the same gene family showed RME (see Table S2 ), whether physically linked (HoxD, Cyp2j, and Pcdhb) or located on different autosomes (Prdm, Scd, and Eya).
We found RME genes to be located across all autosomes with no apparent preferential chromosomal locations or clustering, as found for imprinted loci (Barlow, 2011) . In a few cases, two or more RME genes lie within the same megabase region (Fggy and Cyp2j6/9; Eya4 and 1110021L09Rik; see Figures 1B and 1C) or with overlapping 5 0 ends (Cnrip1 and Plek; Table S2 ). We compared the RME gene locations with published topologically associated domain (TAD) Hi-C maps (Dixon et al., 2012) , which are thought to be indicative of regulatory landscapes (Nora et al., 2012) . Most RME genes do not share a TAD with other RME genes, unless they are part of a family (e.g., HoxD, Pcdhb). Furthermore, many RME genes tend to be the sole occupants of a single TAD (e.g., Fggy, Eya2, Eya4, and 1110021L09Rik; Figure 1C ). We also performed a GO analysis which revealed that, compared to all genes expressed in NPCs, monoallelically expressed genes are predominantly involved in cell adhesion and organ development ( Figure 2E ; Table S3 ). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated that these genes are significantly coexpressed in pathways of neuroactive ligand-receptor interaction and extracellular interaction ( Figure 2F ; Table S3 ).
In conclusion, RNA-seq analysis in clonal NPCs derived from ESCs with highly polymorphic chromosomes reveals that approximately 19% of autosomal genes in the mouse genome are monoallelically expressed. Of these, 5% are probably due to DNA sequence polymorphism, and 2.5% of autosomal genes are found to be randomly monoallelically expressed (Table S1 ).
Validation of RME Patterns by mRNA Sequencing and Nascent Transcript RNA FISH Several RME genes of interest, shown in Table S2 , were selected for further investigation based on their function and/or their expression profiles in the different clones sequenced. We focused on genes that showed relatively high expression levels in NPCs. We also chose a few genes from the monoallelic category (though not RME), or with a lower FPKM because of their proximity to another RME gene, or because they were part of the same family. For example, the genes Acyp2, Cnrip1, and Plek, which shares its 5 0 end with Cnrip1, are intriguing as they are not expressed in female NPC clones and show strict random monoallelic expression in male clones; Fggy displays RME in seven clones (male and female); the Eya2 gene shows either random monoallelic or random-biased expression in all clones and, furthermore, is part of the Eya-Six developmental transcription factor family, other members of which display either monoallelic or RME (Eya1, Eya4, and Six1; see below). Most of the other RME genes selected were monoallelically expressed in at least two NPC cell lines and from opposite alleles (being monoallelic, biallelic, biased, or not expressed in other clones). We noticed that one allele was often preferentially chosen for expression over the other, such as for the Eya2 or the Lyplal1 genes.
To validate the monoallelic expression of 25 genes, we used RT-PCR with primers surrounding a 129/Cast SNP followed by conventional Sanger sequencing, on seven of the RNAsequenced NPC clones, as well as on a further four clonal NPC cell lines derived from the same parental ESCs ( Figure S2A ). Overall, we found a very good correlation with the RNA-seq data, with only a few discrepancies detected for genes that were lowly expressed in some clones. In order to obtain a more quantitative readout of the relative allelic expression levels, we also performed pyrosequencing following RT-PCR for a subset of our RME candidates ( Figure 3A ). The Eya3 gene was used as a biallelic control. These RT-PCR analyses confirmed that RME genes show monoallelic or biased expression in some clones, and biallelic or no expression in others, consistent with the RNA-seq data (Tables S1 and S2).
As the above findings were based on detection of mRNA following reverse transcription (RNA-seq, RT-PCR), we investigated the allelic expression status of our candidates using a complementary approach of nascent transcript RNA fluorescence in situ hybridization (RNA FISH). Fluorescently labeled bacterial artificial chromosomes (BACs) or fosmids spanning the candidate genes were used as probes for RNA FISH (see Experimental Procedures for details). First, we compared the RNA FISH patterns of several monoallelically or biallelically expressed genes in the F1 NPC clones originally used for RNAseq ( Figures 3B and S2B ). For most genes analyzed (whether RME, or biallelically expressed control genes, such as Dhfr and Kpna2), we observed similar proportions of nuclei (40%-70%), with no nascent RNA FISH signal, presumably due to (C) Hi-C interaction frequencies displayed as two-dimensional heat maps illustrate the TADs in mouse ESCs in a 2 Mb region around selected RME candidate genes. RME genes or gene families tend to lie in single TADs, not shared with other genes (e.g., Fggy lies in a separate TAD to Cyp2j6 and Cyp2j9; Eya2 and Eya4 each occupy a single TAD to themselves; 111002L09Rik shares a TAD with several other genes that are not expressed or not RME in NPCs). All genes found to be RME in our analysis are highlighted in red. See also Figure S1 and Tables S1 and S2. Relative expression levels (FPKM < 1 or R 1) of the monoallelic category is also shown. The graph (right) represents the distribution of expression levels for genes from the four different categories in NPC clones.
(legend continued on next page)
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Monoallelic Expression in Development and Disease cell-cycle-dependent expression (e.g., the housekeeping gene Dhfr; Slansky and Farnham, 1996) and/or the speed with which nascent transcripts are processed. We found that the proportion of cells showing a single RNA FISH signal per nucleus was much higher for RME genes (30%-60%) than for biallelic controls (15%-20%). Thus, RNA FISH appears to be an appropriate readout of monoallelic gene expression for the candidate genes tested ( Figures 3B and S2B) , accurately reflecting the expression status deduced by RT-PCR or RNA-seq. This shows that monoallelic regulation of these genes occurs at the transcriptional (as opposed to posttranscriptional) level. Furthermore, using a chisquared test, we found that some RME genes do not show independent expression of both alleles ( Figure S2C ). We also compared the RNA FISH patterns of genes that are monoallelically expressed in some NPC clones and biallelically expressed in others. We found a higher proportion of cells with two nascent transcript signals and a lower proportion of cells with no signal in biallelic clones, while the proportion of cells with a single signal do not change substantially ( Figure 3C ). This suggests that biallelic expression in some clones may be due to occasional expression of the otherwise silent allele in a proportion of cells or a tendency for skewed expression for some genes. Thus, expression levels are indeed likely to be higher when a gene is expressed biallelically, consistent with our RNA-seq ( Figure  2C ; Table S1 ) and RT-PCR analysis of the expression levels of six genes in different clones ( Figure 3D ). Finally, we investigated whether our candidate RME and monoallelic genes showed similar patterns of expression in cells where both alleles are genetically identical. Several candidate genes were investigated using RNA FISH on NPCs derived from E14 ESCs (129/Ola) origin ( Figure 3E ). Similar results to those found in F1 NPC clones were obtained in the inbred (although nonclonal) NPCs for all genes examined.
In summary, we confirm that all of the candidate genes chosen for validation are bona fide monoallelic loci, with similar expression patterns even in cells with no or very little sequence polymorphism.
Epigenetic Stability of Monoallelically Expressed Genes over Cell Passaging and during Differentiation
Many of the 133 RME genes we identified by RNA-seq in clonal NPCs are monoallelic in some lines but biallelic in others. Given these possible alternative states, we assessed the extent to which the expression patterns in any given clone are stable and heritable over multiple cell divisions. Allelic expression status of six RME candidate genes was evaluated every five passages in four NPC clones passaged for up to 15 times using RT-PCR followed by pyrosequencing. The data obtained demonstrate that the allelic expression state is remarkably stable, with no change in mono-or biallelic expression status over prolonged passaging in any given NPC line ( Figure 4A ).
We also investigated whether this stability is maintained during differentiation of NPCs into astrocytes, which were characterized by cell morphology and appearance of the astrocyte marker GFAP (a marker that is not expressed in NPCs in vitro ( Figure 4B ; Takizawa et al., 2008) . We evaluated the expression status of the same set of genes as above in two NPC clones and found that allelic expression patterns are preserved during differentiation toward astrocytes, as no shift in mono-or biallelic expression status could be seen for the six genes examined ( Figure 4B ).
The faithful propagation of the monoallelic expression raised the question of the epigenetic mechanisms that might maintain this state. Allele-specific DNA methylation and histone modifications are found at genes exhibiting monoallelic expression, for example in cases of genomic imprinting or in XCI (Barlow, 2011; Wutz, 2011) . We therefore asked whether the monoallelically expressed genes identified were generally associated with certain types of modifications at their promoter regions or across their gene bodies, using publicly available data sets for various histone modifications and for CpG methylation in NPCs (Mikkelsen et al., 2007; Stadler et al., 2011) . For this, the list of 2,751 monoallelically expressed genes in at least one NPC clone was compared to an equivalent number of biallelically expressed genes randomly chosen to have the same distribution of expression levels. This analysis revealed that active histone marks, such as H3K4me3 and H3K36me3, are respectively enriched around the transcription start sites and the bodies of biallelically expressed genes, but less so in the case of monoallelically expressed genes. For repressive histone marks (H3K9me3 and H3K27me3), we observed more enrichment around the promoter and the gene body of monoallelically expressed genes for H3K27me3 compared to biallelically expressed genes (Figure S3A) . Monoallelic genes also generally displayed higher levels of DNA methylation around their promoters than biallelic genes ( Figure S3A ). Taken together, this analysis suggested that several of these monoallelically expressed genes display dual active/inactive chromatin marks.
As promoter DNA methylation is a characteristic of more stable gene silencing, we investigated whether it might underlie the marked epigenetic stability observed for several RME genes ( Figure 4A ). Using Sequenom bisulfite analysis, we assessed the methylation status of the promoter or CpG island (CGI) region of (B) Allelic expression status of genetically skewed (left) and monoallelically expressed (right) genes identified in XX or XY NPC clones in corresponding XX and XY ESC line. Female and male clones are plotted separately. (C) A comparison of gene expression levels between monoallelically and biallelically expressing clones is shown (left). The logarithm (log2) of mean gene expression (FPKM) in monoallelically and biallelically expressing clones were each computed and plotted against each other. The red and blue dashed lines indicate, respectively, equal or double gene expression in biallelically compared to monoallelically expressing clones. A few candidate genes are highlighted in red. The boxplot (right) displays the ratio of mean gene expression between biallelically and monoallelically expressing clones. The red dashed line indicates the ratio equal to 1. (D) Pie charts representing the distribution of the different gene categories based on the randomness of allelic expression in NPC clones (left) and the level of expression of the random monoallelic category measured by the FPKM (right). (E) Predominant biological themes identified after GO analysis of monoallelically expressed genes (n = 2,751). GO categories with p value % 0.01 are mapped on the hierarchy in the Cytoscape graph. (F) Significantly enriched KEGG pathway terms among monoallelically expressed genes (n = 2,751). See also Figure S1 and Tables S1, S2, and S3. 
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Monoallelic Expression in Development and Disease several RME genes, in five independent NPC clones. Although DNA methylation and 5-hydroxymethylation could not be distinguished with this technique, differences in status between the two alleles could nevertheless be assessed. As shown in Figure 4C , DNA methylation levels of the promoters or CGI of five RME genes (Acyp2, Zfp248, Cpped1, Bag3, and Lyplal1) correlate well with their expression profiles in the NPC clones analyzed, with higher promoter methylation levels for monoallelic states than for biallelic states and almost 100% methylation for nonexpressed genes. However, for six other RME genes (Dis3l, Fggy, Galm, Eya2, Eya4, and 1110021L09Rik) , showing similarly stable expression patterns to those above, we found no clear correlation between promoter/CGI methylation levels and expression. Thus, overall, monoallelic DNA methylation is associated with some epigenetically stable RME genes, though not all.
To test whether DNA methylation and H3K27me3 are involved in maintenance of the RME state, we treated NPCs either with 5-azacytidine (5-azaC) to decrease DNA methylation or with GSK343, an inhibitor of the Ezh2 H3K27 methyltransferase, and tested their impact on a number of RME genes ( Figures  S3D and S3E) . We also used chaetocin, a nonspecific inhibitor of histone lysine methyltransferases, to abrogate H3K9me3, but its impact could not be assessed, as this inhibitor was too toxic in NPCs when used at the recommended concentrations. The use of a female NPC clone allowed us to assess the status of an X-linked gene, Mecp2, as a control. A global decrease in DNA methylation levels was detected upon 5-azaC treatment for 3 days. We found a slight decrease in Mecp2 promoter DNA methylation that was accompanied by a small but reproducible increase in biallelic expression, especially by RNA FISH analysis. However, no significant shift to biallelic expression was found for the RME genes tested ( Figure S3E ). Furthermore, although the use of the GSK343 inhibitor resulted in global depletion of the H3K27me3 mark in NPCs, it had no effect on X-linked or RME monoallelic expression either by RT-PCR (Figure S3D) or by RNA FISH analysis (data not shown).
We also investigated whether genomic context or replication timing correlated with RME status and stability. A previous study reported that monoallelic autosomal genes are located in regions with significantly higher densities of long interspersed nuclear elements 1 (LINE-1) transposons and fewer short interspersed nuclear elements (SINE) elements in their flanking regions (Allen et al., 2003) . We therefore examined the 100 kb upstream and downstream genomic environment of genes and found that monoallelically expressed genes tend to be located in a LINE-1-rich and SINE-poor environment ( Figure S3B ). Asynchronous replication timing has frequently been associated with RME loci (Singh et al., 2003) , although not as systematically as in X inactivation and genomic imprinting, where late or asynchronous replication is almost always associated with the inactive allele (Kitsberg et al., 1993; Simon et al., 1999; Takagi et al., 1982) . We therefore investigated the DNA replication patterns of several of our candidate RME genes. Two examples are shown (1110021L09Rik and Zfp248) in two female NPC clones (XX-1 and XX-5) showing opposite pattern of XCI ( Figure 4D ). We evaluated an X-linked (Abcd7) and a biallelically expressed gene (Dhfr) as controls and found that asynchronous replication of the two alleles (129 and Cast) is found for Abcd7 and not for Dhfr. For RME genes, we found evidence for asynchronous replication for Zfp248 in clone XX-1, where it is monoallelically expressed, and synchronous replication in clone XX-5, where it is biallelically expressed. The 1110021L09Rik gene shows asynchronous replication in the two clones analyzed, regardless of its expression status ( Figure 4D ). However, we found substantial variation from one experiment to another for 1110021L09Rik and other genes that we analyzed (data not shown), suggesting that asynchronous replication may not be a clear-cut feature of RME genes. This is in agreement with previous studies showing that asynchronously replicating regions of the mouse genome (Singh et al., 2003) do not show substantial overlap with RME loci (Gimelbrant et al., 2007) .
In conclusion, the establishment of monoallelic gene expression during ESC differentiation is stably locked in over cell divisions and even during differentiation. Although monoallelic DNA methylation is associated with some genes, no common feature could be identified to account for this remarkable epigenetic stability of RME, as summarized in Figure S3C . Thus, the cellular memory at different RME loci may rely on a variety of mechanisms and combinations of epigenetic marks.
In Vivo Analysis of Monoallelically Expressed Genes in the Mouse Brain
To address the in vivo relevance of the monoallelic expression patterns identified using differentiated NPCs, we investigated the transcriptional status of various RME candidate genes in neonatal brain of inbred mice at postnatal day 6, using combinations of RNA FISH probes, as described above, on cryostat sections. We particularly focused on two structures of the mouse brain in which multipotent neural stem cells (NSCs) are thought to be found, the subventricular zone (SVZ) and olfactory bulb (OB) (Gritti et al., 2002; Ming and Song, 2011) . We used an RNA FISH probe spanning the Sox2 gene (as well as an overlapping noncoding RNA gene, Sox2ot, that is not expressed in NPCs but is coexpressed with Sox2 in parts of the brain) to help us identify potential stem cells in the neonatal brain, which also served as a biallelic control, alongside two other genes, Zmynd8 and Eya3. A Xist RNA FISH probe was used to identify (B) Nascent RNA FISH analysis of nine RME genes and three biallelic controls (Kpna2, Dhfr, and Eya3) . Representative examples of the FISH signal observed in nuclei (counterstained with DAPI; shown in gray) are shown on the left. (C) Comparison for six RME genes of the RNA FISH pattern observed in a monoallelic (mono) versus a biallelic (bi) expressing NPC clone. (D) Comparative analysis by RT-PCR of the expression levels of six genes in monoallelic (green) or biallelic (purple) expressing clones. For each clone, the mean from three biological replicates is represented ± SD of the mean. Levels are normalized relative to housekeeping gene expression. (E) Nascent RNA FISH analysis of six RME candidate genes and two biallelic controls (Dhfr and Eya3) in an inbred NPC line. For all RNA FISH analyses, the cell proportions with a single (green), double (purple), or no signal (gray) FISH signal are indicated for each gene in a given NPC clone or cell line. A minimum of 200 nuclei was counted in each experiment. See also Figure S2 . the inactive X in females. As controls for monoallelic expression, we used probes spanning several X-linked genes that are well expressed in the brain such as Mecp2, Huwe1, and Atrx. We analyzed ten of our candidate RME genes that showed high expression levels in the brain and/or gave good quality RNA FISH signals in NPCs. Representative examples of the RNA FISH data obtained on two independent day 6 neonatal female mouse brain sections are presented in Figures 5A and 5B . We observed numerous Sox2/Sox2ot-positive cells within the thick cell layer along the lateral ventricles, which corresponds to the SVZ, and evaluated RME and control gene expression in these cells ( Figure 5A ). In the OB, Sox2/Sox2ot-positive cells are located in all the central region of the bulb, although it is not clear whether these are NSCs ( Figure 5B ). Nevertheless, given the robust biallelic expression of Sox2/Sox2ot in the OB, only cells located within this region were scored in subsequent RNA FISH experiments.
In both the SVZ and OB, biallelically expressed (control) genes (Sox2/Sox2ot, Eya3, and Zmynd8) were transcribed in a high proportion of cells and only 20% of cells showed a monoallelic RNA FISH signal. X-linked monoallelic controls showed high detection rates in the SVZ and OB of females and were found to be expressed monoallelically in 40%-60% of cells ( Figures  5A, 5B, S4A, and S4B ). We observed very few cells showing biallelic X-linked gene expression in the SVZ, with the exception of Mecp2. We found a significant proportion (20%) of cells with biallelic Mecp2 expression, indicating escape from X inactivation ( Figures 5A and S4A ). For the RME candidate genes analyzed, we observed a range of expression levels. Lowly expressed genes, using RNA FISH as a readout, are not expressed overall in more than 20% of cells and usually show only a single RNA FISH signal in this small proportion of positive cells (Plek, Eya1, Dis3l, and Eya4 in the OB; Eya1, Zfp248, Fam149a, Dis3l, Eya2, and Eya4 in the SVZ). The very low detection of these genes prevented us from concluding on their allelic expression status in NSCs in vivo. Genes showing higher expression levels, comparable to biallelic or X-linked controls, could be interpreted with more confidence. In the SVZ, we observed high proportions of cells with just one RNA FISH signal for Trim35, Acyp2, Cnrip1, and Plek, comparable to the situation in NPCs and with X-linked genes (Figures 5A and S4A) . A similar situation was found in the OB for the Acyp2, Cnrip1, Zfp248, and Eya2 genes ( Figures 5B  and S4B ).
In conclusion, several of the genes that we identified as being RME in cultured NPC clones tend to be monoallelically expressed in NSCs in the neonatal mouse brain. Furthermore, monoallelic expression is found in mice with no or little DNA sequence polymorphism.
In Vivo Analysis of Monoallelic Expression of the Eya Gene Family during Inner Ear, Kidney, and Eye Development To explore further the in vivo relevance of RME genes, we focused on the Eya family of developmental transcription regulators, homologous to the Drosophila Eyes absent (Eya) locus. Our analysis in NPCs, as well as the in vivo analysis performed above, revealed that three of the four members of the Eya family are monoallelically expressed, with Eya2 and Eya4 being RME and Eya1 being monoallelic in NPCs (Table S2 ). Eya3, which shows a fairly constitutive expression pattern in vivo in the mouse (Sö ker et al., 2008) , was biallelically expressed both in NPCs ( Figure 3B ) and in vivo ( Figures 5 and S4 ). Eya proteins are transcriptional cofactors of members of the Six/Sine oculis family of transcription factors, which lack an activation domain (Xu, 2013) . Intriguingly, the Six1 gene was also found to be RME in our RNA-seq screen (Table S2) .
As the Eya and Six gene families are critical for organogenesis of the inner ear, the kidney, and the eye, we investigated their expression patterns in these organs. Importantly, loss of function of EYA1 or SIX1 has been associated with autosomal-dominant disorders, such as branchio-otic or branchiooto-renal (BOR) syndromes in humans, characterized by craniofacial abnormalities, hearing loss, kidney deficiency, and sporadic congenital cataracts. EYA4 mutations cause late-onset hearing impairment (Xu, 2013) . Similar defects have been described for Eya1, Six1, and Eya4 heterozygous mutant mice (Depreux et al., 2008; Xu et al., 1999 Xu et al., , 2003 , where haploinsufficiency could be due to decreased dose of transcriptional regulatory proteins during development or else, in the context of RME, to functional nullisomy in a varying proportion of cells.
To investigate this, we performed RNA FISH for different Eya genes on cryostat sections of developing inbred mouse embryos and adult tissues. We first analyzed the expression profiles of the Eya genes in the inner ear, by analyzing the expression patterns of Eya1 and Eya4 in the otic vesicle at E10.5 and Eya1 in the forming cochlea at E15.5 ( Figure S4C ). We observed that Eya1, Eya4, and the biallelic control Eya3 are expressed in 100% of cells in the ventral wall of the otic vesicle where Eya1 expression was previously reported (Kalatzis et al., 1998) . At this stage, a high (B) RT-PCR followed by pyrosequencing for two XX NPC clones during differentiation toward astrocytes is shown for six RME genes. Bright field images illustrate the cell morphology before and after differentiation, and the immunofluorescence analysis indicates the specific staining for the GFAP protein (green) in astrocytes; DNA is counterstained with DAPI (blue). The percentage of expression from the 129 (red) or the Cast (blue) alleles in NPCs and astrocytes for a given clone and the genomic DNA control are shown for each gene on the histograms. (C) DNA methylation levels over promoter or CGI of eleven RME genes were measured by Sequenom bisulfite analysis in three XX and two XY NPC clones and calculated from the mean of three biological replicates for each clone ± SD. Genes in the left histogram display a strong correlation between the allelic expression status and DNA methylation levels in a given NPC clone; genes on the right show no correlation between DNA methylation and expression patterns. A schematic map of the sequences analyzed by Sequenom (in black) is shown below the histograms for each gene, with respect to the position of the gene (in blue) and the CGI (in green). (D) Allele-specific replication timing analysis of two RME genes (111021L09Rik and Zfp248), one biallelic (Dhfr), and one X-linked (Abcb7) control was measured in two XX NPC clones (XX-1 and XX-5). Pyrosequencing was performed on cells that were sorted into four cell cycle fractions (S1, S2, S3, and S4) according to DNA content. The histograms are shown as a reminder of the allelic expression status in the two NPC clones, which display opposite patterns for X inactivation, as indicated by the analysis of the Abcb7 gene. See also Figure S3 . Figure 5 . Monoallelic Expression of RME Genes in NSCs in the Brain (A) Nascent RNA FISH on coronal sections of neonatal brain at day 6 (P6) in the area of the SVZ containing Sox2/Sox2ot-positive NSCs. The boxed region shows a higher magnification of the RNA FISH signal for the biallelically expressed Sox2/Sox2ot primary transcript (red), indicating the location of NSCs. The right panels show examples of RNA FISH signals in Sox2/Sox2ot-positive nuclei for monoallelic candidates, biallelic controls, and X-linked genes. Histograms show the percentage of nuclei with monoallelic, biallelic, or no RNA FISH signal for all genes. On average, 105 nuclei were counted per experiment. (B) Coronal section in the OBs of a neonatal brain. The higher magnification of the boxed region shows RNA FISH signals for Sox2/Sox2ot-positive cells. Examples of nuclei displaying monoallelic or biallelic expression for various genes are shown in the right-hand panels. RNA FISH signal quantifications are summarized for three groups of genes, as in (A). On average, 91 nuclei per gene were counted. For all experiments, nuclei were counterstained with DAPI (gray). Further data are provided in Figure S4 .
Developmental Cell
Monoallelic Expression in Development and Disease proportion of monoallelically expressing cells was observed for Eya4 (45%), but Eya1 was found to be expressed mainly biallelically (in 90% of cells). However, in the cochlea at E15.5, Eya1 displayed a variable spatial pattern with populations of cells showing a high or low proportion of expressing cells. In regions where Eya1 is known to be expressed (e.g., spiral ganglion and pluristratified neuroepithelium of the floor of the cochlear duct; Kalatzis et al., 1998) , we observed 50% of monoallelically expressing cells ( Figure S4C) Eya1, Eya4, and Pax2 (biallelic control) in cells located at the periphery of the kidney. For the metanephric mesenchyme at E10.5, LaminB1 immunofluorescence was combined with RNA FISH to better segment nuclei that are tightly packed (not shown in figure) . Histograms show RNA FISH signal quantifications for Eya1, Eya4, and the biallelic controls Eya3 and Pax2 in E10.5 metanephric mesenchyme (114 nuclei counted on average), kidney at E13.5 (n = 85 on average), and at E15.5 (n = 94 on average). (B and C) Transversal section of an E10.5 embryo at the level of the lens pit (B) and of an adult eye (C). Panels below show RNA FISH signals for Eya4, Eya1, and the biallelic control Eya3 in cells of the lens pit at E10.5 or the adult lens epithelium. RNA FISH quantifications are summarized (average of 120 nuclei per gene were counted). Nuclei are counterstained with DAPI (gray). Further data are shown in Figure S5 .
In the developing kidney, we examined the metanephric mesenchyme in E10.5 embryos, which gives rise to the definitive kidney, and two later stages of kidney development, E13.5 and E15.5. Eya1 is expressed in all cells of the metanephric mesenchyme and its expression becomes more restricted to the periphery of the structure at later stages (Kalatzis et al., 1998) . We examined several genes in parallel to Eya1, as controls. These included Pax2, which displays a very similar expression pattern to Eya1 in the developing kidney (Kalatzis et al., 1998) , and Eya4, expressed in the same population of cells. Six1 could not be analyzed as RNA FISH probes gave poor quality signals. Representative examples of RNA FISH are shown in Figures 6A and S5A . We found that all genes analyzed (Eya1, Eya3, Eya4, and Pax2) were highly expressed (in almost 100% of cells) together in the metanephric mesenchyme at E10.5 and in the periphery of the kidney at later stages. Importantly, Eya1 and Eya4 showed a higher proportion of monoallelically expressing cells when compared to Eya3 and Pax2 (Figure 6A and S5A) .
Finally, we examined the developing eye at E10.5. Eya1 and Eya3 were found to be expressed in almost 100% of cells of the lens pit, yet showed markedly different distributions of mono-and biallelically expressing cells ( Figure 6B and S5B) . In adult eyes, we found only Eya1 and Eya3 to be expressed, and in both cases expression was observed in around 50% of lens epithelium cells and this was largely monoallelic (Figure 6C and S5C). The in vivo analysis described here demonstrates that Eya1 and Eya4 genes have a tendency to show monoallelic expression during the development of organs affected in the BOR syndrome, in hearing impairment, and in heterozygous mutant mice. Thus, RME could be linked to the dominant effects of the Eya1 and Eya4 mutations, and the varying proportions of cells that lack Eya1 or Eya4 protein between individuals could explain the variable penetrance of these mutations.
DISCUSSION
Establishment and Maintenance of Monoallelic Expression States
Important questions that emanate from our study concern when and how monoallelic expression is set up. In most cases, RME genes do not show monoallelic expression in undifferentiated ESCs, indicating that this mode of expression is established during differentiation toward NPCs. The majority of monoallelic genes we identified in NPCs were characterized by low expression levels. This might explain their monoallelic expression status, as loss of expression of one allele of a poorly (or infrequently) transcribed gene could occur in a stochastic manner in some cells without being detrimental. Silencing of this single allele could then become fixed epigenetically, with clonal propagation of the monoallelic state. This situation presumably also occurs in the context of polymorphism-based monoallelic expression, where a SNP affecting a regulatory sequence that predisposes to inefficient transcription eventually results in epigenetic silencing (Hitchins et al., 2011) . For more highly transcribed genes, monoallelic status might occur through a stochastic monoallelic expression state (as described for Nanog; Miyanari and Torres-Padilla, 2012) that can occasionally become fixed or through a switch from biallelic or no expression to fixed and heritable monoallelic expression, such as in XCI for Xist and its antisense Tsix (Wutz, 2011) . Alternatively, expression of one allele might repress the other allele through a feedback mechanism, as in the case of T cell receptors, immunoglobulin genes (Cedar and Bergman, 2008) or OR genes (Chess, 2012) . The possibilities for establishment of random choice are thus multiple, and RME genes might be expected to employ diverse mechanisms, depending on their timing and level of expression, as well as their genomic and epigenomic landscapes.
We also show that the allelic expression status of RME genes (whether mono-or biallelic) is extremely stable in clonal NPCs upon cell passaging and during differentiation, implying that robust epigenetic mechanisms must underlie the stable propagation of expression states. Different strategies may be employed to ensure this memory, including promoter H3K27me3, DNA methylation, or asynchronous replication timing. However, treatment of NPCs with inhibitors of DNA methylation or of the H3K27 methyltransferase Ezh2 did not appear to affect RME patterns for several candidate genes investigated. Thus, either alternative mechanisms are at play or else several epigenetic marks act together to maintain the inactive state of RME genes, as for the inactive X chromosome.
Relevance of Monoallelic Expression during Development
If gene dosage regulation via RME plays a role during development, one might expect unequal expression levels in cells showing mono-or biallelic expression. Indeed, we found no evidence of dosage compensation overall. In most cases RME genes displayed higher expression levels when they are expressed biallelically than when they are expressed monoallelically. Our in vivo analysis for a number of RME genes revealed that they display monoallelic expression in some but not all cells within developing tissues. RME could thus be a way of fine-tuning the expression of key developmental regulators in a subset of progenitor cells during early development, where accurate concentrations of specific factors might be required for lineagecommitment decisions or when cellular diversification is required (as for the OR genes; Shykind, 2005) . Indeed, the Eya and Six genes, which we found to be RME in vivo in some tissues and stages, play crucial roles during organogenesis, including cell fate specification, proliferation, differentiation, and maintenance (Xu, 2013) . Monoallelic regulation of gene dosage in specific lineages or tissues may therefore be critical when key developmental choices are made. Indeed, Eya1 gene dosage is critical for the development of the sensory epithelia in the inner ear and for inducing downstream decisions in different regions of this organ (Zou et al., 2008) . Fine-tuning the doses of Eya1 and Six1 proteins could also be critical in the developing kidney for the control of signals (e.g., Gdnf) emanating from the metanephric mesenchyme to induce the growth and branching of the ureteric bud, or for self-renewal/proliferation of metanephric mesenchymal progenitors (Xu, 2013) . To assess formally whether RME plays a role in regulating dosage of these factors, the consequences of expressing them at double versus single doses on downstream target gene expression at different stages of organogenesis must now be investigated. Intriguingly, the Eya and Six genes both encode proteins that act within the same pathways during organ development and in some cases as part of the same protein complex (Xu, 2013) . Whether their RME is due to common regulatory mechanisms underlying their allelic exclusion or to interconnected regulatory roles, whereby components of the same complexes adjust their dosage in order to maintain the right stoichiometry (Pessia et al., 2012) , remains to be seen. It should be noted that other developmental transcription factors, such as the Pax family, also show dosage sensitivity and haploinsufficiency , but we confirm that this is unlikely to be through RME Rhoades et al., 2000) .
Implications of Monoallelic Expression for Disease
Several genes identified in our screen have been implicated in autosomal-dominant disorders in humans, including EYA1, SIX1, and EYA4 involved in BOR and deafness syndromes, BAG3 in childhood muscular dystrophy, SNCA in Parkinson's disease, and COL9A3 in multiple epiphyseal dysplasia (Bö nnemann et al., 2000; Selcen et al., 2009; Singleton et al., 2003; Xu, 2013) . We believe that our discovery that genes subject to RME are linked to pathologies associated with haploinsufficiency has implications for the mechanisms underlying autosomal-dominant disorders. This possibility was previously raised by others Ohlsson, 2007) , but the existence of RME in vivo remained unclear. We show that genes such as Eya1 and Eya4 display significant monoallelic expression during the development of the organs known to be affected in disease, and in particular, at stages where heterozygous mutants for Eya1 or Eya4 display phenotypes related to the human syndromes (Depreux et al., 2008; Xu et al., 1999) . The variability in the proportions of monoallelically expressing cells observed in different developmental stages analyzed might explain at least partly the variable penetrance of phenotypes observed both in human carriers and in mouse models. Whether the cells showing monoallelic expression in vivo actually give rise to different lineages or cell identities during organogenesis and are the ones affected in heterozygous mutant mice (Xu et al., 1999; Zou et al., 2008) will require further investigation. The potential impact of monoallelic expression in disease is also highlighted by APP and SNCA, involved in Alzheimer's and Parkinson's diseases, respectively (Chartier-Harlin et al., 2004; Rovelet-Lecrux et al., 2006; Singleton et al., 2003) , which are subject to RME (Gimelbrant et al., 2007 and this study) .
Finally, we also report a relatively high degree of escape from XCI of some X-linked genes, such as Mecp2, in NPCs and in the SVZ of the brain, which harbor NSCs, suggesting that despite the overall stability of RME in NPCs that we report here, NSCs actually exhibit a certain relaxation of epigenetic states both in vitro and in vivo. This has important implications for our understanding of neuronal development and potential epigenetic plasticity in the brain, particularly for X-linked neuronal diseases such as Rett syndrome (Guy et al., 2007) .
In conclusion, we provide compelling evidence for the widespread existence of random monoallelic gene expression in vivo. In some cases RME might be a byproduct of low-level expression, with no physiological function during development. In other cases, RME might have a biological role in fine-tuning gene dosage and/or enabling cell diversity by exposing different alleles. Our demonstration that some loci are highly stably repressed on one allele underlines the potential importance this type of epigenetic silencing might have in disease and opens up the perspective to use therapies that can reverse epigenetic states.
EXPERIMENTAL PROCEDURES
Cell Culture
The two ESC lines F1-21.6 (female) and F1-23 (male) used in this study, a kind gift from Joost Gribnau, were derived from the same cross between a 129Sv (Mus musculus domesticus) female and a Cast (Mus castaneus) male. Differentiation into NPCs was performed as previously described (Conti et al., 2005) . Subcloning of NPCs was made by limiting dilution and manual colony picking. Details can be found in the Supplemental Experimental Procedures.
RNA-Seq
Libraries for RNA-seq were prepared from polyadenylated RNA purified from NPC or ESC total RNAs. Paired-end 100 bp reads were generated using a HiSeq 2000 sequencing instrument (Illumina).
Cryostat Sections and RNA FISH Analysis
Cryostat sections were prepared from frozen embryos or adult organs embedded in optimal cutting temperature compound. RNA FISH analyses were carried out essentially as previously described (Chaumeil et al., 2008) . Further details of the procedure and identity of selected BAC and fosmid clones used as probes for RNA FISH can be found in Supplemental Experimental Procedures.
Full experimental procedures including details about bioinformatic analysis and more standard procedures can be found online in Supplemental Experimental Procedures.
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